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Abstract. We examine the energetics of close-packed phases 
of iron (bcc, fcc, hcp) throughout he pressure regime of the 
earth with elaborate first principles electronic structure calcu- 
lations. The calculations reproduce the relevant experimental 
observations including the equation of state to over 300 GPa 
and the pressure of the bcc to hcp phase transition. The bcc 
structure is found to be energetically unfavorable and mechani- 
cally unstable with respect to a tetragonal strain at high pres- 
sure (P>150 GPa). This phase is thus highly unlikely to exist 
in the earth's inner core as has frequently been proposed. 
Introduction 
The earth's inner core is composed primarily of iron, but ex- 
ists at such extreme conditions of pressure (330-360 GPa) and 
temperature that its crystalline structure remains essentially 
unknown. As a result, the elastic anisotropy of the inner core, 
recently observed seismologically [MoreIll et al., 1986; 
Woodhouse et al., 1986; Tromp, 1993], is difficult to inter- 
pret, and its cause remains unknown. Though plausible models 
for the formation of anisotropy exist, these rely heavily on 
assumptions about the type of crystalline structure in the inner 
core [Jeanloz and Wenk, 1988; Karato, 1992]. The crystalline 
structure of the inner core will largely determine its electro- 
magnetic properties, and thus its influence on the geometry of 
the geomagnetic field, which recent modeling results indicate 
is substantial [Holierbach and Jones, 1993]. The inner core 
also represents a major energy source for the geomagnetic 
field, as its continued formation, through freezing of the over- 
lying liquid outer core, releases latent heat [Merrill and 
McElhinny, 1986]. The magnitude of this energy source will 
depend on the crystalline structure of the frozen material. 
Despite much recent experimental progress, the sub-solidus 
phase diagram of iron above 200 GPa, remains essentially un- 
constrained. Structural determinations are difficult and have 
not yet been attempted in this pressure regime, so that the 
structures involved in the phase transitions observed dynami- 
cally [Brown and McQueen, 1986] and statically [Boehler, 
1993; Saxena et al., 1993] are unknown. All observed phases 
of iron: body-centered cubic (bcc), face-centered cubic (fcc), 
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and hexagonal close-packed (hcp), have been considered as the 
crystalline structure of the inner core [Anderson, 1986; Ross et 
al., 1990; Jeanloz, 1990]. Recent attention has focused on the 
bcc structure [Ross eta/., 1990; Bassett & Weathers, 1990], but 
all three are permitted by current experimental data. Our igno- 
rance of the sub-solidus phase diagram also multiplies current 
uncertainties in the iron melting curve. These uncertainties are 
directly reflected in the very large range of current estimates 
for the temperature of the inner core (4000-8000 K) [Williams 
eta/., 1987; Boehler, 1993; Saxena et al., 1993; Yoo et al., 
1993]. Constraints on the high pressure sub-solidus phase di- 
agraat of iron are desperately needed. 
First principles density functional theory (DFT) represents 
an ideal complement o high pressure experimental !echniques 
and, as we show here, provides some of the first constraints on 
the crystalline structure of the inner core. DFT is a very power- 
ful way of predicting the behavior of nearly all types of solids 
with high accuracy, independently of experimental data and 
without recourse to free parameters. We have applied this theo- 
retical method to the prediction of the energetics of the three 
observed structures of iron (bcc, fcc, hcp) throughout he pres- 
sure regime of the earth. Our results reveal a mechanical insta- 
bility in the bcc phase of iron at high pressure which leads to 
the conclusion that this phase is highly unlikely to exist in 
the inner core. 
Method 
Density functional theory, and the Linearized Augmented 
Plane Wave Method (LAPW), which is used to solve the equa- 
tions, are fully described elsewhere [see e.g. Pickett, 1989; 
$ingh, 1994]. Only a brief description will be given here. The 
important points are that our calculations are 1) first princi- 
ples - they are parameter-free and completely independent of 
experimental data 2) state-of-the-art in the sense that more ex- 
act ways of solving Schr6dinger's equation for solids are not 
currently available and 3) a highly accurate way of predicting 
solid state properties, as has been demonstrated for essentially 
all types of materials, including silicates and metals. 
In density functional theory, one solves self-consistently 
the equation for the charge density together with the 
Schr6dinger-like Kohn-Sham [1965] equations 
P(F)= •nigi * (Y)•i(F) (1) 
{r, + I + + = 
e•t,(•) (2) 
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where •, and œ, are the one-electron wave-function and eigen- 
value respectively, p is the charge density, T, the one-electron 
kinetic energy operator, and the potential (V) is composed, 
from left to right, of electron-electron, electron-nucleus, nu- 
cleus-nucleus, and exchange-correlation terms. All terms but 
the many-body exchange correlation potential, V•c, are readily 
evaluated - the remaining potential terms are simply Coulomb 
potentials. Because the exact exchange correlation potential 
is unknown, the solution is necessarily approximate. 
However, simple approximations to this term have proved 
very successful. The most widely used, the Local Spin Density 
Approximation (LSDA) [von Barth and Hedin, 1972] uses in- 
formation about the charge density at every point to approxi- 
mate the local value of the exchange correlation terms. 
Recently, a new approach, the Generalized Gradient 
Approximation (GGA), has been developed which takes into 
account not only the local charge density but also includes 
terms up to 6th order in the charge density gradient [Perdew et 
a/., 1992]. The advance represented by the GGA is particularly 
important in the case of iron, as it correctly recovers the fer- 
romagnetic bcc structure as the global ground state [Bagno et 
al., 1989]. For the energetics of the tetragonally strained lat- 
tice, we consider both approximations. 
The equations (1-2) are solved with the LAPW method [Wei 
and Krakauer, 1985]. This is an all electron method - all core 
and valence electrons are fully included - which makes no ap- 
proximations to the shape of the charge density or the poten- 
tial. There are no approximations to the nature of bonding 
(ionic, covalent, metallic). Within the LSDA or GGA, essen- 
tially fully converged solutions of the Khon-Sham equations 
are achieved. The details of the calculations for iron are dis- 
cussed in Stixrude et al. [1994]. Briefly, we include 100-200 
LAPW basis functions per atom and sample the Brillouin zone 
on a 16x 16xl 6 special k-point mesh for hcp, bcc and fcc cal- 
culations while a 12x12x12 mesh is used for tetragonally 
strained calculations. Total energies are converged to better 
than a few tenths of a tory. Hcp and fcc calculations are non- 
magnetic, bcc and tetragonal calculations are ferromagnetic. 
Results 
We have previously shown [Stixrude et al., 1994] that the 
GGA approximation yields excellent agreement with experi- 
mental observations of 1) the equation of state of iron from 0 
to 300 GPa (maximum deviation less than 1% above 100 GPa) 
corresponding to a more than two-fold range of compression 
2) the pressure of the bcc-hcp phase transition (11 GPa theo- 
retical vs. 10-15 GPa experimental) 3) the minimum energy 
c/a ratio of the hcp structure (1.58-1.59 increasing slightly 
with pressure) and 4) the zero pressure magnetic moment of the 
bcc phase. 
Both GGA and LSDA calculations predict the hcp phase to 
be the equilibrium structure at low temperatures everywhere 
above 11 GPa. This is illustrated in Fig. 1 where GGA total en- 
thalpies of fcc and bcc phases relative to the hcp phase are 
shown as a function of pressure. Hcp and fcc phases have simi- 
lar total enthalpies over the entire volume range. A determina- 
tion of their relative stability at inner core conditions is be- 
yond the scope of the present calculations which are athermal 
(zero temperature) and will require a careful treatment of the 
thermal contributions to their respective free energies. The 
bcc phase however, has an enthalpy much higher than either 
fcc or hcp phases at high pressures. The energy required to 
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Figure 1. 'lbtal enthalpy per atom of bcc (solid squares) and 
fcc (open squares) structures relative to that of hcp (open cir- 
cles) in the GGA approximation calculated with the LAPW 
method. Relative enthalpies are expressed as AH/k B giving 
temperature in units of Kelvin. The conditions of the inner 
core (solid circle) are indicated by its seismologically deter- 
mined pressure range (horizontal bar) and its estimated tem- 
perature (error bar). The comparison of the bcc-hcp enthalpy 
difference with inner core temperatures indicates thermody- 
namic instability of bcc (see text). Total energy deferences are 
converged to better than a few tenths of a mRy (=50 K). 
transform hcp to bcc at inner core pressures exceeds the high- 
est estimates of the thermal energy available in the inner core. 
For bcc to be stable, its molar entropy must exceed that of hcp 
by approximately 1.4R, where R is the gas constant. This 
value exceeds typical high pressure entropies of melting 
[Stishov, 1969] and is larger than the sum of estimated mag- 
netic, electronic and vibrational contributions to the bcc-hcp 
entropy difference [Sherman, 1994]. These results make the 
bcc phase an unlikely constituent of the inner core. 
The bcc phase is not only energetically unfavorable but me- 
chanically unstable. We have found that the bcc phase is elas- 
tically unstable with respect to a tetragonal strain at high 
pressure [Stixrude et al., 1994]. The body-centered tetragonal 
structure is shown in Fig. 2. It relates the bcc structure (c/a= 1) 
to the fcc structure (c/a--x!2). The change in energy produced by 
this strain is related to the combination of elastic constants 
C•-C•2 which is positive for stable crystal structures. 
Both bcc and fcc phases are found to be elastically stable at 
low pressure in both GGA and LSDA approximations, in 
agreement with experiment (Fig. 3). Fcc displays normal be- 
havior as the density increases: the energy changes more 
rapidly with strain at high density, corresponding to a pres- 
sure induced increase in C•-C•2. The bcc structure, however, 
displays the opposite behavior, the strain-induced energy 
change becomes smaller as the density increases. The bcc lat- 
tice becomes mechanically unstable at a volume between 50 
and 60 Bohr 3 (P=85-220 GPa), i.e. beginning at pressures 
much smaller than those of the inner core. The total energy of 
the bcc lattice decreases as the tetragonal strain is applied; 
C•-C•2<O so that the lattice is mechanically unstable and will 
spontaneously distort to the fcc structure. 
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candidate for participation in phase transitions recently ob- 
served experimentally in the 150 GPa range [Boehler, 1993; 
Saxena et al., 1993]. Assuming these phase transitions are 
confumed by structural measurements, they must involve ei- 
ther the fcc or hcp phases of iron, or some as yet unobserved 
new phase. If a new phase of iron exists, it is not likely to be 
body-centered tetragonal. We find no local minima in the de- 
pendence of the energy on tetragonal strain (Fig. 3) which 
would suggest he existence of such a phase at any pressure. 
a 
Figure 2. The body-centered tetragonal structure. Four body- 
centered unit cells are shown (light lines) The face-centered 
unit cell is shown in bold lines. The shaded atoms can be re- 
garded as either body-centered or face-centered. The bcc struc- 
ture corresponds to c/a=l; the fcc structure to c/a=•/2. 
Discussion 
Previous results that argued for the stability of the bcc 
phase at inner core conditions were based on either pair poten- 
tial parameterizations of the total energy or extrapolation of 
ß experimental thermodynamic properties [Ross et al., 1990; 
,.Matsui, 1994; Basserr & Weathers, 1990]. The fact that our 
calculations disagree with these approximate treatments indi- 
'cates on the one hand the importance of many body terms in 
'iron-iron interactions in the solid state, and, on the other, the 
existence of higher order terms in the volume dependence of 
'the thermodynamic properties of bcc iron which are not 
'probed by existing data. Neither of these inferences are sur- 
prising. Many body terms are well known to be important in 
understanding the relative stability of transition metal struc- 
tures [e.g. Carlsson, 1990]. In the case of thermodynamic ex- 
trapolation, the existence of higher order terms are expected 
because the pressure-temperature regime over which the bcc 
phase-is experimentally accessible is small compared with in- 
ner core pressures and temperatures. 
Two factors which could in principle restabilize the bcc 
structure, but which are unlikely to, are temperature and the 
presence of an alloying constituent in the inner core. 
Zirconium is an example of a material in which the bcc struc- 
ture is quasiharmonically unstable but restabilized by high 
temperature anharmonic effects. However, the instability in 
bcc iron is qualitatively different from that observed in Zr, 
where only a portion of one phonon branch is quasiharmoni- 
cally imaginary and C•-C•2 remains positive [Willaime & 
Massobrio, 1989]. In the case of iron the magnitude of the in- 
stability is large: at inner core pressures, the strain energy as- 
sociated with a small change in c/a is comparable in magnitude 
to that of the stable bcc lattice at zero pressure. The small 
amount of light element (e.g. O, S, Si) permitted in the inner 
core by seismological data [Jephcoat and Olson, 1987] is also 
unlikely to overcome the energetically substantial effect of 
mechanical instability found here. 
High pressure phase transitions in iron represent an impor- 
tant test of experimental techniques which are used to address 
the melting curve of iron. The bcc phase is a highly unlikely 
Conclusions 
State of the art density functional calculations are a power- 
ful way of predicting the behavior of materials high pressures. 
These methods are completely independent of experimental 
data and thus represent the ideal complement to high pressure 
laboratory approaches. We have used the LAPW method to 
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Figure 3. Total energy as a function of c/a ratio for the 
tetragonal structure shown in Fig. 2 at four different atomic 
volumes (indicated in units of Bohr3). V=70 a.u. is similar to 
the GGA zero pressure volume of fcc [Stixrude et al., 1994]; 
V=48 a.u. is the atomic volume of iron corresponding to the 
mean density of the inner core. a) LSDA approximation b) 
GGA approximation. The lines are polynomial fits to guide 
the eye. At high pressure (V<60 Bohra), the energy of bcc is 
lowered by small changes in the c/a ratio, i.e. the structure is 
elastically unstable and will spontaneously distort to fcc. 
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show that the close-packed structures of iron (fcc and hcp) 
have sinlilar energies throughout he pressure regime of the 
earth while the bcc phase is highly unfavorable nergetically 
at core pressures. We predict a mechanical instability with re- 
spect to a tetragonal strain in the bcc phase which makes this 
structure highly unlikely to exist in the earth's core. 
Acknowledgments. This work supported by NSF EAR-9305060. LPS 
was also supported by an Alexander yon Humboldt Foundation fellow- 
ship. Computations performed at the Pittsburgh Supercomputer Center. 
References 
Anderson, O. L., Properties of iron at the Earth's core conditions, 
Geophys. J. R. Astr. Soc., 84, 561-579, 1986. 
Bagno, P., O. Jepsen, and O. Gunnarsson, Ground-state properties of 
third-row elements with nonlocal density functionals, Phys. Rev. B 
40, 1997-2000, 1989. 
Bassett, W. A. and M. S. Weathers, Stability of the body-centered cubic 
phase of iron: a thermodynamic analysis, J. Geophys. Res., 95, 
21709-21711, 1990. 
Boehler, R., Temperatures in the earth's core from melting-point mea- 
surements of iron at high static pressures, Nature 363, 534-536, 1993. 
Brown, J. M. and R. G. McQueen, Phase transitions, Grfineisen parame- 
ter, and elasticity for shocked iron between 77 GPa and 400 GPa, J. 
Geophys. Res., 91, 7485-7494, 1986. 
Carlsson, A. E., Beyond pair potentials in elemental transition metals and 
semiconductors, Sol. State Phys., 43, 1-91, 1990. 
Holierbach, R. and C. A. Jones, Influence of the earth's inner core on 
geomagnetic fluctuations and reversals, Nature, 365, 541-543, 1993. 
Jeanloz, R. and H.-R. Wenk, Convection and anisotropy of the inner 
core, Geophys. Res. Lett., 15, 72-75, 1988. 
Jeanloz, R., The nature of the earth's core, Annu. Rev. Earth Planet. 
Sci., 18, 357-386, 1990. 
Jephcoat, A. P. and P. Olson, Is the inner core of the earth pure iron, 
Nature, 325, 332-335, 1987. 
Karato, S.-I., Inner core anisotropy due to the magnetic field-induced 
preferred orientation of iron, Science, 262, 1708-1711, 1993. 
Kohn, W. and L. J. Sham, Serf-consistent quations including exchange 
and correlation effects, Phys. Rev., 140, 1133-1138, 1965. 
Mao, H.-K., Y. Wu, L. Chen, J. F. Shu, and A. P. Jephcoat, Static com- 
pression of iron to 300 GPa and Feo.sNio. 2 alloy to 260 GPa: 
Implications for composition of the core, J. Geophys. Res., 95, 
21737-21742, 1990. 
Matsui, M., Molecular dynamics tudy of iron at earth's inner core 
condition in High Pressure Science and Technology-1993 edited by 
S.C. Schmidt, J. W. Shaner, G. A. Samara, and M. Ross, pp. 887-890 
(American Physical Society, New York, 1994). 
Merrill, R. T. and M. W. McElhinny, The Earth's Magnetic Field 
(Academic, New York, 1983). 
Morelli, A., A.M. Dziewonski, and J. H. Woodhouse, Anisotropy ofthe 
inner core inferred from PKIKP travel times, Geophys. Res. Lett., 13, 
1545-1548, 1986. 
Perdew, J.P., J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. 
Pederson, D. J. Singh, and C. Fiolhais, Atoms, molecules, solids, and 
• surfaces: Applications of the generalized gradient approximation for 
exchange and correlation, Phys. Rev. B, 46, 6671-6687, 1992. 
Pickett, W. E., Pseudopotential methods in condensed matter applica- 
tions, Comp. Phys. Rep., 9, 115-198, 1989. 
Ross, M., D. A.. Young, and R. Grover, Theory of the iron phase dia- 
gram at Earth core conditions, J. Geophys. Res., 95, 21713-21716, 
1990. 
Saxena, S., G. Shen, and P. Lazor, Experimental evidence for a new 
iron phase and implications for earth's core, Science 260, 1312-1314, 
1993. 
Sherman, D. J., Electronic structure, entropy and the high-pressure 
stability of bcc iron, in High Pressure Science and Technology-1993 
edited by S.C. Schmidt, J. W. Shaner, G. A. Samara, and M. Ross, 
pp. 895-898 (American Physical Society, New York, 1994). 
Singh, D. J., Planewaves, Pseudopotentials, and the LAPW method 
(Kluwer Academic, 1994). 
Stishov, S., Melting at high pressure, Soy. Phys. Uspekhi, 11, 816-830, 
1969. 
Stixrude, L., R. E. Cohen, and D. J. Singh, Iron at high pressure: lin- 
earized augmented plane wave calculations in the generalized gra- 
dient approximation, Phys. Rev. B, 50, 6442-6445, 1994. 
Tromp, J., Support for anisotropy of the earth's inner core from free 
oscillations, Nature, 366, 678-681, 1993. 
yon Barth, U. and L. Hedin, J. Phys. C, 5, 1629, 1972. 
Wei, S. and H. Krakauer, Local density functional calculation of the 
pressure-induced metallization of BaSe and BaTe, Phys. Rev. Lett., 
55, 1200-1203, 1985. 
Willaime, F. and C. Massobrio, Temperature-induced hcp-bcc phase 
transformation in Zirconium: a lattice and molecular-dynamics study 
based on an N-body potential, Phys. Rev. Lett., 63, 2244-2247, 1989. 
Williams, Q., R. Jeanloz, J. Bass, B. Svendsen, and T. J. Ahrens, The 
melting curve of iron to 250 gigapascals: A constraint on the tem- 
perature at Earth's center, Science, 236, 181-182, 1987. 
Woodhouse, J. H., D. Giardini, and X.-D. Li, Evidence for inner core 
anisotropy from free oscillations, Geophys. Res. Lett., 13, 1549-1552, 
1986. 
Yoo, C. S., N. C. Holmes, M. Ross, D. J. Webb, and C. Pike, Shock tem- 
peratures and melting of iron at earth core conditions, Phys. Rev. 
Lett., 70, 3931-3934, 1993. 
Lars Stixrude, Institut fiir Geophysik, Herzberger Landstrasse 180, 
Universit•it Gtttingen, 37075 Gtttingen, Germany. (email: 
stixrude @perovskite.gatech.edu) 
R. E. Cohen, Geophysical Laboratory, Carnegie Institution of 
Washington, 5251 Broad Branch Rd. N. W., Washington, DC 20015- 
1305. (email: cohen @ quartz. ciw.edu) 
(Received: August 17, 1994; accepted September 27, 1994.) 
